The means by which populations are regulated form a central theme in conservation biology, and much debate has revolved around density dependence as a mechanism driving population change. Marion Island (46°54'S, 37°45'E) is host to a relatively small breeding population of southern elephant seals, which like its counterparts in the southern Indian and southern Pacific Oceans, have declined precipitously over the past few decades. An intensive markrecapture study, which commenced in 1983, has yielded a long time-series of resight data on this population. We used the program MARK to estimate adult female survival in this population from resight data collected over the period 1986-1999. Including concurrent population counts as covariates significantly improved our mark-recapture models and suggests density dependent population regulation to be operational in the population. Although predation may have been involved, it is far more likely that density dependent regulation has been based on a limited food supply. A significant increase in adult female survival was evident which is likely to have given rise to recent changes in population growth.
INTRODUCTION
Southern elephant seal (Mirounga leonina) numbers have declined at most breeding populations in the Southern Indian and Pacific Oceans over the past several decades (Hindell & Burton 1987; Guinet et al. 1992; Bester & Wilkinson 1994; Pistorius et al. 1999a) , and hypotheses accounting for this have recently been reviewed by McMahon et al. (2005) . Similar to other sites (Guinet et al. 1999; Slip & Burton 1999) , the Marion Island (46°54'S, 37°45'E; located in the southern Indian Ocean, approximately 2180 km southeast of Cape Town, South Africa; Fig. 1 ) population has now stabilized (Pistorius et al. 2004 ). An intensive demographic study initiated on the small population at Marion Island in 1983 has yielded consistent mark-recapture data. Several research papers have stemmed from this long-term data series detailing temporal patterns in survival (e.g. Pistorius et al. 1999b; McMahon et al. 2003; Pistorius et al. 2004 ) and fecundity (Pistorius et al. 2001) .
Some of the more noteworthy conclusions emanating from this demographic research were that fecundity increased and age of sexual maturity decreased over the duration of the study, arguably as a compensatory response in the declining population . Furthermore, adult female survival increased with the stabilization of the population (Pistorius et al. 2004) , whereas juvenile survival was independent of the change in population growth rate (see Fig. 1 for first-year survival estimates; . These changes in adult female population parameters were argued to have been mediated through a relative increase in per capita food availability, implicating a density dependent response. Density dependence, defined as a causal relationship in which some feedback mechanism links the density of a population to one or more of its demographic rates, thus determining its future density (Sale & Tolimieri 2000) , was, however, not explicitly tested for in these studies.
The aim of this study is to explicitly test for density dependence in adult female survival in southern elephant seals at Marion Island by applying modern statistical modelling techniques to a long-term mark-recapture dataset with concurrent population counts.
METHODS

Data collection
Between 1983 and 1995, 3270 (average: 252 annually, range: 198-343) recently weaned female southern elephant seal pups were tagged in each of their hind flippers on Marion Island, using uniquely numbered, colour-coded Dal 008 Jumbotags ® (Dalton Supplies Ltd., Henley-on-Thames, United Kingdom) (see Pistorius et al. 2000 for details) . The data collection for this study commenced in 1986 when the first females from the 1983 cohort reached reproductive status. Every seven days during the southern elephant seal breeding season on Marion Island (early August to mid November: Wilkinson 1992; Kirkman et al. 2003) , all the breeding colony beaches were routinely searched for tagged females for the duration of this study. The tag number and colour combination of each tagged female observed during these surveys were recorded.
Data analyses
An encounter-history matrix (incorporating the resight data of all individuals in a binary format) was constructed from the resight data of parous females treating the first sighting of a female during the breeding season as the initial release (Table 1) . Pistorius et al. (2004) found no significant age-dependent variation in survival of parous southern elephant seal females from our study population. Age-parameters were consequently not considered in our present analysis. Multiple sightings during any given breeding season were treated as a single sighting. Resight data up to the year 1999 were used, which yielded 13 resight occasions for females breeding in 1986. The software program MARK (G. White, Colorado State University; White & Burnham 1999) , which is an application for the analysis of encounter-history matrices of marked individuals, was used to obtain likelihood estimates of annual survival and resight probabilities of adult females. The software program provides parameter estimates under the essential Cormack-Jolly-Seber (CJS) model, but also under several models that appear as special cases of this model (Lebreton et al. 1992) .
The two fundamental parameters in these models are: φ= the survival probability for all animals between the ith and (i + 1)th encounter occasion (i = 1,…, k -1), and P = the resighting probability for all animals in the ith encounter occasion (i = 1,…, k).
The survival probability incorporates both death and permanent emigration of individuals and can therefore be referred to as apparent survival. Southern elephant seals in general, but particularly breeding females, show a strong site fidelity to their natal grounds (Hofmeyr 2000) and we consequently expect permanent emigration from our study site to be minimal.
We tested the fit of our global model to the data with the program RELEASE goodness-of-fit procedure (Burnham et al. 1987) implemented in the program MARK to check whether the assumptions pertaining to the CJS model were met (see Lebreton et al. 1992 ).
Our global model included time-dependence (i.e. separate estimates for each year) in both survival and capture probability. We considered a set of models, including models with and without patterns of temporal variation in resight and survival parameters. Models with survival of firstyear breeders alone, as well as of survival of all females, constrained to be a logistic-linear function of population size (directly prior to the year for which survival was estimated; in other words the population estimate in 1986 was used as a covariate of survival between October 1986 and 1987 and so forth) as well as a linear function of time were included in the model set.
Population estimates were taken from Pistorius et al. (2004) . We also considered a model with survival maintained as constant over the period that the population was stable (1994 onwards; Pistorius et al. 2004) and over the period that the population was declining (prior to 1994). Akaike's Information Criterion (AIC) was used to select between these models with various constraints (Lebreton et al. 1993; Anderson et al. 1994) . The model with the lowest AIC provides the best basis for inference by including only those effects that are supported by the data. The models were ranked relative to deviations from the best model (ΔAIC), and models with ΔAIC of less than two Year 1986 Year 1987 Year 1988 Year 1989 Year 1990 Year 1991 Year 1992 Year 1993 Year 1994 Year 1995 Year 1996 Year 1997 Year 1998 Year 1999 Primiparous 11  19  37  68  88  79  101  75  59  78  68  66  7  105  Total  11  22  45  92  145  153  193  204  215  248  234  254  34  216 are generally considered to have good support (Anderson & Burnham 1999) . We corrected our survival estimates to compensate for tag loss in this study despite the very low loss rates reported for the population .
RESULTS
The CJS model adequately fitted the adult female resight data from our study population (χ 2 = 35.072, d.f. = 34, P = 0.417).
A model with time-dependent resight probability had much better support than a model in which this parameter was constrained to be constant over time (Table 2 ). The probability of resighting an individual during the breeding season of 1998 was exceptionally low (0.118: 95% CI 0.071-0.189) as a result of poor resight effort. For the remaining years it varied between 0.526 (95% CI 0.245-0.791) in 1987 and 0.871 (95% CI 0.788-0.925) in 1997.
A model with population size as a covariate of survival had much better support than the full time-dependent or constant survival model (Table 2) implicating density dependence in adult female survival. A similar pattern was evident when only considering primiparous females (Table 2, 
DISCUSSION
Our results suggest a density dependent pattern in survival of females at Marion Island, which increased over the study period with the stabilization of the population. From 1986 onwards, an increasing number of older or more experienced females would have been recruited into our data set. The trend in survival for all females could therefore arguably have resulted from a larger proportion of young females early on in the study. These young females may potentially have had relatively low survival resulting from inexperience or due to reduced site fidelity which would have lowered apparent survival in a CJS model context (Lebreton et al. 1993) . Survival during the year following primiparity, however, also demonstrated a density dependent pattern and increased linearly over time similar to survival of all females combined. This suggests that the above is an unlikely source of bias in our study. Adult female southern elephant seals at Marion Island furthermore exhibit similar levels of site fidelity independent of experience (Pistorius et al. 2004) .
It should be noted that our annual estimates of population size at Marion Island were based on single counts and we could not include variance of these estimates in our models. Population estimates at Marion Island are based on adult female counts on the peak haul-out date during the Key: φ T : time-dependent survival rate; φ C : constant survival rate; p T : time-dependent capture probability; p C : constant capture probability; R1: first-time breeders; R2: experienced breeders breeding season (see Pistorius et al. 1999a) . Bias associated with these counts is likely to be minimal due to the ease of counting adult females in this small population.
With the virtual absence of land-based mortality in adult females at Marion Island, the density feedback on adult female survival observed in this study would have come into play during their pelagic phase. Both density dependent changes in predatory pressure and food availability could have given rise to the pattern observed in this study.
Killer whales (Orcinus orca) are the primary predators of southern elephant seals but it has been argued that they have a relatively small impact on the southern elephant seal population at Marion Island . Most killer whales sighted off Marion Island are predominantly in the near-shore area (Keith et al. 2001; where newly weaned southern elephant seal pups remain during play and local postweaning dispersion (Lenglart & Bester 1982; Wilkinson & Bester 1990 ). This age class is therefore likely to form the preferential prey and a high predation rate by killer whales on juveniles have been reported at Îles Crozet (Guinet et al. 1992) . The steep rise in adult female survival with decreasing density, coupled with a relatively stable juvenile survival militate against predation by killer whales having given rise to the pattern observed in this study.
Although there is no direct evidence in support of this, changes in per capita food availability provides a more parsimonious explanation for density dependence in southern elephant seal survival. Food resources are probably a limiting resource in our study population as has been previously speculated (Pistorius et al. 1999b; McMahon et al. 2005) . Adult female southern elephant seals haul out for between three to four weeks during both the moulting and breeding seasons. During these periods, the seals fast and are nutritionally stressed when they return to sea (Boyd et al. 1993; Carlini et al. 2005) . We would consequently expect that food limitation is the most severe in the vicinity of Marion Island soon after the females have returned to sea.
Several studies have demonstrated that density dependence in mammals primarily affects the adult segment of the population (e.g. FestaBianchet et al. 2003; Owen-Smith et al. 2005; OwenSmith 2006) . Similarly, at Marion Island, juvenile survival of southern elephant seals showed no apparent trend in the declining population while adult female survival demonstrated a significant density dependent increase (Pistorius et al. 2004; present study) .
The increase in adult female survival observed here coincided with the stabilization of our study population around 1994 after a long-term decline (Pistorius et al. 2004) . Population counts at Marion Island subsequent to 1999 demonstrate that the elephant seal population remained stable since then (unpubl. data; MRI). In the absence of a notable increase in juvenile survival over the study period we expect that the increase in adult female survival was fundamentally related to the stabilization and possible reversal of a long-term population decline.
